Three-dimensional computations on the basis of the index-function lattice Boltzmann method are performed to simulate the process of multiple droplets impinging and coalescing into a line pattern on a solid substrate. The employed calculation model is validated by theoretical calculated values and experimental data from the literature. The influences of the equilibrium contact angle, droplet spacing and impinging velocity on the droplets impingement and coalescence behaviours are investigated. Numerical results demonstrate the width of the formed line depends significantly on the equilibrium contact angle and droplet spacing. The droplet spacing plays a significant role in controlling the coalescence moment of multiple droplets. The resolution of the printed pattern can be slightly increased with increase in impinging velocity.
Introduction
Inkjet printing as a digital manufacturing tool has caused considerable interest due to its wide range of applications, particularly in micro-manufacturing. Inkjetprinted structures are formed by the coalescence of a series of overlapping droplets. The morphology of the physical outcome has a significant impact on the function of the manufactured parts. Therefore, studying the deposition process of the droplet and the interface evolution of multiple droplets interaction is critical to control the printed output.
There are many works in dynamics on impingement of a single inkjet-sized droplet by experimental observations and analytical modelling. Researchers found the predictive values of spreading models for large droplets were higher than the experimental observations. They suggested that this was attributed to the kinetic energy dissipation by oscillation at the contact line, which was negligible in models of large droplets (Dong, Carr, and Morris 2006; Son et al. 2008; van Dam and Le Clerc 2004) .
Scientists also investigated the process of droplets sequentially depositing and coalescing to form a liquid line. Davis (1980) considered the contact line of liquid beads could move with three cases: (1) where the contact line is free to move with a fixed contact angle, (2) where the contact line is free to move, but the contact angle is depended upon contact line velocity and (3) where contact line is pinned but the contact angle is free to change. Schiaffino and Sonin (1997) experimentally using wax and water droplets. Duineveld (2003) studied the instability of inkjet-printed lines with hysteresis between the receding and advancing contact angles. The instability was present by forming a series of bulges when the contact angle in the ridge increased by newly deposited droplet was larger than the advancing contact angle. This type of instability defined a minimum droplet spacing for stable liquid bead. Stringer and Derby (2010) developed Duineveld's model and considered there were two limits of droplet spacing for stability of inkjet-printed lines, with maximum droplet spacing for stable coalescence and minimum droplet spacing for avoiding the occurrence of bulging. Soltman and Subramanian (2008) investigated the effects of droplet spacing and substrate temperature on the morphologies of inkjet-printed line and corroborated their flow model by computational fluid dynamics (CFD) software, Flow3D. Their findings indicated that drying time of the droplet must be considered when printing lines. Despite the experimental and analytical studies, the dynamics of the inkjet-printed line formation are not clearly understood. Numerical simulation may be an important way to reveal the comprehensive details of droplets impingement and coalescence. Graham, Farhangi, and Dolatabadi (2012) performed numerical and experimental studies to conduct an inquiry into the effect of surface wettability on the coalescence dynamics of two water droplets. Lee and Son (2011) studied the influence of contact angle hysteresis and droplet spacing on droplet impingement and coalescence in a micro-line patterning process using level set methods. The numerical results indicated that a large deviation between advancing contact angle and receding contact angle was effective to manufacture a narrow line.
The interface dynamics are highly complex, especially with an increase in the number of interacting droplets. In the last two decades, the lattice Boltzmann method (LBM) has become a numerically robust and efficient technique for simulating multiphase flow problems (Amaya-Bower and Lee 2011; Li et al. 2016; Wu, Huang, and Yan 2015; Zhao et al. 2015) . There are four main multiphase LBM models, including colour-gradient model (Gunstensen et al. 1991) , inter-particle potential model (Shan and Chen 1993) , free-energy model (Swift, Osborn, and Yeomans 1995) and index-function model (He, Chen, and Zhang 1999) . Some other multiphase LBM models are evolved from the four principal models coupling with common CFD techniques. Gong and Cheng (2012) simulated the deformation and coalescence of droplet driven by wettability gradients using an improved model based on the S-C force model. Zhou et al. (2014) proposed a phase-field LBM model to simulate interface dynamics of droplets impingement. The simulation results demonstrated a good agreement with the continuous phase-field CFD simulation results and the experimental results of Dong et al. (2007) . Multiple droplets impingement and interactions were further studied in three dimensions, which demonstrated the LBM model had the capability for handling highly complicated interface dynamics. Zhou (2015) added the contact angle hysteresis boundary condition to the previous model and simulated the coalescence of multiple droplets on non-ideal surfaces. Raman et al. (2016) conducted three-dimensional (3D) numerical simulations to investigate the effects of drop velocity, surface wettability, droplet viscosity and surface tension on the interaction dynamics during the impingement process of successive droplets.
Despite a number of works on multiple droplets impingement were performed, few researchers have studied the droplet dynamics associated with an inkjetprinted line patterning process. The motivation of this work is to numerically investigate the impact behaviours and temporal characteristics in line forming process which are not well understood due to difficulties in obtaining detailed measurements. 3D numerical simulations based on LBM model are performed to study the multiple droplets interaction under various conditions of forming a uniform line on a solid substrate. The effects of the equilibrium contact angle, droplet spacing and impinging velocity on the droplets impingement and coalescence behaviours are studied.
The remainder of the paper is structured as follows. Section 2 presents the details on the LBM model followed by its validation. In Section 3, the numerical computations are performed and the influences of various parameters on the impingement and coalescence behaviours of multiple droplets are discussed. A summary is given in Section 4.
Methodology
In this section, we will briefly introduce the model proposed by He, Chen, and Zhang (1999) , and then the boundary conditions of the model will be given. Finally, the validations of the model are performed.
Mathematical model
A distribution function for an index function f i and a pressure distribution function g i are introduced into the He-Chen-Zhang (HCZ) model to recover the CahnHilliard equation and the incompressible Navier-Stokes equation, respectively (He, Chen, and Zhang 1999) . The distribution functions satisfy the discrete evolution equations:
where the e i is the discrete velocity in the ith direction, for the 3D case, the D3Q19 model they are given by
where c = δx/δt is the lattice speed, with δx being the lattice unit and δt being the time step, δx and δt are usually taken as 1. c s is the lattice speed of sound and f i (x, t ) is the distribution function in the ith direction at position x and time t. τ 1 is the relaxation time for f i (x, t ) that is related to the kinematic viscosity as ν = c s 2 (τ 1 − 0.5)δt and τ 2 is the relaxation time for g i (x, t ). F s = κρ∇∇ 2 ρ represents the force associated with surface tension, where ρ is the density of fluid and κ is used to adjust the strength of surface tension. G represents the body force that is set to zero as the effect of gravity is negligible in inkjet printing.
The equilibrium distribution functions f eq i (x, t ) and g eq i (x, t ) are expressed as
where p and φ are pressure and index function, respectively. For D3Q19 model, the weighting coefficients ω i are given by ω i = 1/3 for i = 0; ω i = 1/18 for i = 1-6 and ω i = 1/36 for i = 7-18. i (u) in Equations (1) and (2) is defined as
where ψ(ρ) and ψ( ) are related to the hydrodynamic pressures p and thermodynamic pressure p th by (Chao et al. 2011 )
where p th is calculated from the Carnahan-Starling equation of state (Chao et al. 2011; He, Chen, and Zhang 1999; Zhang, He, and Chen 2000) :
where a and b are set to be 12RT and 4, respectively, identical to the choice of He, Chen, and Zhang (1999) . Once the constant a and b are given, we can obtain the φ values for liquid and gas states from the Maxwell construction. In this simulation, φ g and φ l are set to be 0.024 and 0.251, respectively, which means the density ratio is 10.46 (Zhang, He, and Chen 2000) . The macroscopic variables can be calculated as Further details on the discretisation schemes can be found in He, Chen, and Zhang (1999) .
Boundary conditions
A surface-energy approach was employed to compute the contact angle in most previous studies despite having a discrepancy between the prescribed and computed values. Ding and Spelt (2007) proposed a geometric formulation that was mathematically equivalent to the surface-energy formulation of diffuse interface simulations. This geometrical formulation has been employed in the phase-field models to investigate the dynamics of droplets impinging on non-ideal surfaces with contact angle hysteresis (Wang, Huang, and Lu 2013) . We incorporate this geometrical formulation in our LBM model for the wetting boundary condition.
The contours of the index function in the diffuse interface are assumed to be approximately parallel to each other and the normal vector of interface n s can be written as n s = ∇φ/ |∇φ| .
As shown in Figure 1 , the angle between n s and substrate can be calculated geometrically in terms of φ by
where θ and n are the contact angle and normal vectors on the substrate, respectively. For D3Q19 model, the discrete form of Equation (14) can be expressed as
where the first and second subscripts denote the coordinates on the substrate and the third subscript indicates the direction normal to the substrate. We can achieve any desired wettability between fluids and solids by inputting a specified contact angle into Equation (15).
Model validations
The pressure difference across the interface of two fluids is evaluated by the Laplace law and the equilibrium is given by
where P is the pressure difference between the inside (P in ) and outside (P out ) of the droplet, N is the dimensions of the model, σ is the surface tension and R is the radius of the droplet. In the HCZ model, the surface tension is controlled by the parameter κ and the relationship between σ and κ is determined by the simulation. In order to verify the Laplace law, simulations are taken both in 2D and 3D cases with different computational domain sizes. Initially, a static spherical droplet with different radiuses is placed inside the computational domain. Periodic boundary conditions are adopted in all directions and the parameter κ is set to be 0.02 at first. The surface tension can be calculated by Equation (16) through measuring the pressure inside and outside the droplet at the equilibrium state. The numerical results (shown in Figure 2 ) detect a linear relationship between the pressure difference of the droplet and the inverse of its radius, which satisfies the Laplace law. We get σ = 0.011κ through linear fit for both 2D and 3D cases and the results agree well with the Wang's simulations (Wang, Huang, and Lu 2013) . In addition, the ratio of σ to κ is kept constant as the grid resolution changes. We also observe the interface thickness of the droplet at the equilibrium state is about 5 lattice units and the droplet diameter at ρ = 0.06 agrees well with the pre-set value. Therefore, the boundary of the droplet defined in this article is at where ρ = 0.06. Additionally, we simulate the process of a single droplet impinging on an ideal substrate. It is possible to model the deposited droplet as a spherical cap if the gravity is negligible as encountered in inkjet printing. The diameter of the spherical cap (D) at the equilibrium shape can be calculated through volume conservation of the droplet:
where D 0 is the diameter of the droplet before touching the substrate (van Dam and Le Clerc 2004) . Equation (17) shows the equilibrium diameter of the spherical cap is only a function of the equilibrium contact angle and the initial diameter of the droplet in the ideal case. We perform grid convergence tests by comparing the spread factor (D * ) for θ eq = 88°with impinging velocity U 0 = 0.02. The spread factor is defined as the ratio of the diameter of the spherical cap to D 0 . The time scales are nondimensionalised by D 0 /U 0 . The temporal evolution of D * for different grid sizes corresponding to D 0 = 15, 30 and 45 lattice units is shown in Figure 3 . It is noticed that the curves for D 0 = 30 and 45 nearly overlap each other. However, the curve for D 0 = 15 deviates from the curves of higher grid resolutions. Therefore, the resolution of D 0 = 30 is sufficiently enough to capture the droplet dynamics accurately. The droplet diameter is set at 30 lattice units in this study hereafter based on the grid convergence tests.
There are two important dimensionless parameters Weber number (We) and Reynolds number (Re) governing the impinging process, which are defined as 
The Reynolds number and Weber number are set at 241 and 12.8, respectively, which are consistent with the experimental parameters in Dong et al. (2007) . Equation (17) indicates that the equilibrium contact angle has an effect on the diameter of the spherical cap. We compare the equilibrium spread factor (D * eqm ) defined as the ratio of the diameter of the spherical cap at equilibrium shape to D 0 with the theoretical values calculated from Equation (17) and Dong's experimental data. Simulations are performed with the computational domain of 99 × 99 × 39 and the results are presented in Figure 4 . LB simulation results are in good agreement with the theoretical values and experimental data.
Results and discussion
In this section, 3D numerical computations based on LBM with D3Q19 model are implemented to investigate the effects of printing parameters on the line formation process. All the droplets are of the same diameter and physical properties. We assume that the contact line of liquid bead is free to move with a fixed contact angle, which is the case I in Davis (1980) . If the gravitational forces are negligible, the repeated coalescence of droplets in one direction will form a liquid bead with a cross section of a circular segment.
A simple geometric model can be constructed on the basis of volume conservation between the impinging droplets and the liquid bead (shown in Figure 5 ) (Soltman and Subramanian 2008; Derby 2009, 2010) The stable bead width can be obtained by
where w is the line width, p is droplet spacing defined as the distance between the centroids of two droplets. Equation (20) indicates that the line width is a function of the initial droplet radius, droplet spacing and the equilibrium contact angle. When the liquid bead has not reached the equilibrium state, the line width is defined as the maximum wetted length in the y direction (shown in Figure 6 ). The computational domain size is set to be 4p × 60 × 49 lattice units. The equilibrium moment is defined as the instant when the maximum difference of density at the contact line in the x direction is less than 0.0001. All the cases are performed with simple bounce-back conditions at top and bottom boundaries. Each droplet is neighboured by two droplets along a line in the x direction with periodic boundary conditions on the two ends, which effectively simulates the interaction of an infinitely long linear array of droplets.
Effect of equilibrium contact angle
The nature of the substrate has significant influences on the dynamic behaviours of the droplet's impinging and coalescing. The wettability of the substrate is generally characterised by the equilibrium contact angle θ eq . In this section, the effect of equilibrium contact angle is investigated with droplet spacing p = 40 lattice units. Figure 7 illustrates the comparison of line width between LB simulation and theoretical values with different equilibrium contact angles. The simulation results generally capture the trend of line width as the contact angle varies. The simulation results agree well with the theoretical values when the contact angle is close to 90°, while the deviation expands as the contact angle increases or decreases from 90°. This is because when the contact angle deviates from 90°, the cross section of the liquid line is no longer a standard circular segment. However, the theoretical line width is calculated according to the standard graphics. Therefore, a deviation in line width is observed and the deviation expands as the contact angle deviates from 90°. Consequently, the contact angle is set at 90°when investigating the effects of other parameters. 8(a,b) illustrates the time sequence of the impingement and coalescence process of multiple droplets with contact angle θ eq = 70°and 110°, respectively. The droplets impact on the substrate and spread independently in the initial stage. It is noted that the contact line of each droplet in this stage is elliptical due to the influence of its neighbouring droplets. The droplets begin to coalesce at T * = 3.73 with θ eq = 70°and reach equilibrium state at T * = 15.47. The smaller spread diameter of single droplet with θ eq = 110°results in a delay of coalescence. Liquid bridges between adjacent droplets will be formed after the coalescence. As time proceeds, the width of the liquid bridge increases until the system reaches equilibrium. The equilibrium moment delays as the increase of the contact angle. It seems that the larger wetted area due to the smaller contact angle is helpful for the system to reach equilibrium. However, we consider the coalescence moment is the main factor in deciding the equilibrium moment when the impinging velocity is large enough to counteract the effects of surface tension. The effect of impinging velocity will be discussed in detail in Section 3.3.
In order to understand the morphological change of droplets impingement and coalescence, the temporal evolution of line width for different contact angles is illustrated in Figure 9 . During the initial stages, the temporal evolution of line width is independent of the contact angle. As time proceeds, the curves deviate from each other. The velocity fields before and at the coalescence moment for θ eq = 70°plotted in Figure 10 indicate the spread of each droplet in the x direction is affected by its neighbouring droplets. One more vortex is observed near the gas-liquid boundary on both sides of each droplet in the x direction compared to that in the y direction. Therefore, the spread of each droplet in the x direction is slower than that in the y direction. It is observed from Figure 9 that the coalescence happens when each droplet just spreads to the maximum position in the y direction for θ eq = 70°. The droplets will stay at this position for a short moment before recoiling. Therefore, a transient balance of line width at the maximum value (about 44 lattice units) is observed after the coalescence moment. As time proceeds, we notice a drop in the value of the line width. It is attributed to the recoiling of droplets in the y direction and the recoiling is enhanced by formations of bridges between the droplets. Unlike the spread of a single droplet, the coalescences of multiple droplets do not have oscillation processes owing to the interactions in both sides of each droplet in the x direction. Similar temporal evolution of line width is observed for cases of θ eq = 90°and 110°. The coalescence moment delays and the maximum value of line width decreases with increase in contact angle due to the smaller spread diameter of each droplet. It is observed that the coalescence occurs after the transient balance of line width at the maximum value for θ eq = 110°. The velocity fields plotted in Figure 11 indicate the spread of each droplet in the x direction is also affected.
Effect of droplet spacing
We next consider the influence of droplet spacing during the impingement and coalescence of multiple droplets on a solid surface. In order to avoid the interaction of droplets during flight, the droplets are divided into two groups when the droplet spacing is less than the diameter of a single droplet. Figure 12 shows the sequence of frames of impacting and coalescing of multiple droplets with p = 25. After the leading two droplets impact on the substrate and reach their maximum spread diameters, the trailing two droplets start to fall with the same velocity at T * = 9.93. Two groups of droplets contact with each other at T * = 12.67. As time proceeds, the two groups of droplets coalesce and the space between the droplets is filled up. The system eventually reaches equilibrium at T * = 27.07. Figure 13 illustrates the relationship between the droplet spacing and line width. We observe multiple droplets cannot coalesce into a liquid line stably if the droplet spacing is larger than 47.75 lattice units in the simulation. The simulation results are larger than the theoretical values at small droplet spacing and the deviation increases with the decrease of droplet spacing. The explanation is that the cross section of the liquid line is not a standard circular segment at the equilibrium state due to the stronger interactions at smaller droplet spacing. In fact, bulging defects will emerge when the droplet spacing is too small in the actual inkjet printing process. However, the simulation results are in good agreement with the theoretical values when the droplet spacing is greater than 35 lattice units. Figure 14(a,b) illustrates the time sequence of the impingement and coalescence process of multiple droplets with different droplet spacing. The mutual influence of adjacent droplets is intensive at small droplet spacing, resulting in elliptical footprint of each droplet. Despite the stronger mutual influence, multiple droplets with smaller droplet spacing contact each other earlier.
More new surface need to be formed at the larger droplet spacing, therefore, longer time is needed to reach the equilibrium state. Temporal evolution of line width for different droplet spacing is illustrated in Figure 15 . Each droplet impacts on the substrate and spreads independently in the initial stage. Line width reaches the transient equilibrium value at 39 lattice units at T * = 3 in all three cases because of the same impinging velocity and contact angle. Soon after reaching the transient balance, the case with p = 35 lattice units begins to coalesce at T * = 3.73 and reaches the ultimate equilibrium state at T * = 12.2. However, the case with p = 45 lattice units consumes a much longer time from coalescence to reaching the equilibrium state. We consider that the magnitude of the newly formed surface depended on the droplet spacing dominates the oscillation time of the system. A steep rise in line width is observed just before the coalescence moment for the case p = 25. This is due to the squeezing effect of the trailing incoming droplets. Downward slope of line width after the coalescence moment indicates the sucking effect of the trailing droplets whereas upward slope corresponds to retraction.
Effect of impinging velocity
Although it can be seen from Equation (20) that the impinging velocity has no effect on the final line width, it has an effect on the maximum spread diameter of a single droplet as providing the initial kinetic energy for spreading. It is believed that droplets with larger maximum spread diameter will be easier to contact their neighbouring droplets at the same droplet spacing. In Section 3.2, we mentioned that multiple droplets cannot coalesce into a liquid line when droplet spacing is larger than 47.75 lattice units. However, if we increase the velocity to 0.04, a liquid line with parallel edges will be formed successfully. This phenomenon indicates that increasing the impinging velocity can slightly increase the resolution of the printed pattern. Figure 16(a,b) illustrates the time sequence of the impingement and coalescence process of multiple droplets with different impinging velocities. It can be seen that the spread of droplet can be accelerated with increase in impinging velocity. Moreover, the case with larger impinging velocity reaches equilibrium state faster.
Temporal evolution of line width for different impinging velocities is illustrated in Figure 17 . The case with U 0 = 0.04 reaches the maximum line width at T * = 1.25 and has a retraction process after reaching the maximum value. Similar evolution carries out slowly and smoothly for the case with U 0 = 0.03. The coalescence moment and equilibrium moment are pushed forward with increase in impinging velocity. However, consuming time from the coalescence moment to the equilibrium moment is almost the same for all three cases. No oscillation process is observed due to the strong interaction of multiple droplets in the x direction. In addition, the impinging velocity has no effect on the line width of the equilibrium state. Raman et al. (2017) investigated the influence of gas density on the interaction dynamics of two impinging droplets. They observed a less outspread of droplet and a delay in reaching the maximum spread diameter with decrease in density ratio, owing to the increased drag imposed by the denser surrounding gas. The effect of density ratio on the spreading of droplets is quite similar to that of impinging velocity. Therefore, we consider that each droplet will be more outspread for the case with higher density ratio, resulting in a larger value of maximum line width. Besides, the coalescence moment and equilibrium moment will be pushed forward. However, consuming time from the coalescence moment to the equilibrium moment will keep constant according to the above discussion. Moreover, the density ratio will have no effect on the line width of the equilibrium state, which can be confirmed by Hua and Lou (2007) and Huang, Huang, and Lu (2014) .
Conclusions
3D numerical simulations were conducted based on the LBM to investigate the dynamics of multiple droplets impingement and coalescence in an inkjet-printed line patterning process. The numerical model with a geometric wetting boundary condition was successfully validated by comparing the equilibrium spread factor between simulation results and theoretical values. The validated model was used to investigate the effects of the equilibrium contact angle, droplet spacing and impinging velocity on the line formation process. The coalescence moment was delayed and the line width at the equilibrium state decreased with increase in contact angle due to the decreased spread diameter of each droplet. The droplet spacing was a significant parameter to control the ultimate formation of the pattern in actual inkjet printing process. Simulation results showed that the coalescence moment was seriously delayed with increase in droplet spacing. Increase in impinging velocity was found to be conducive to the interaction of adjacent droplets and could slightly increase the resolution of the printed pattern by increasing the maximum droplet spacing of stable coalescence. However, the impinging velocity had no effect on the line width at the equilibrium state. Though the simulations were performed with low density ratio, the morphologies of the line at the equilibrium state would not change for the cases with higher density ratio. These results demonstrate the LBM can be utilised as a powerful simulation tool for understanding and optimising the inkjet-printed line patterning process of realworld without conducting excessive experiments.
